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Observations suggest that the landscape of marine phytoplankton assemblage

might be strongly heterogeneous at the dynamical mesoscale and sub-

mesoscale (10–100 km, days to months), with potential consequences in

terms of global diversity and carbon export. But these variations are not

well documented as synoptic taxonomic data are difficult to acquire. Here,

we examine how phytoplankton assemblage and diversity vary between

mesoscale eddies and submesoscale fronts. We use a multi-phytoplankton

numerical model embedded in a mesoscale flow representative of the North

Atlantic. Our model results suggest that the mesoscale flow dynamically dis-

torts the niches predefined by environmental contrasts at the basin scale and

that the phytoplankton diversity landscape varies over temporal and spatial

scales that are one order of magnitude smaller than those of the basin-scale

environmental conditions. We find that any assemblage and any level of

diversity can occur in eddies and fronts. However, on a statistical level, the

results suggest a tendency for larger diversity and more fast-growing types

at fronts, where nutrient supplies are larger and where populations of adjacent

water masses are constantly brought into contact; and lower diversity in the

core of eddies, where water masses are kept isolated long enough to enable

competitive exclusion.
1. Introduction
Phytoplankton form the base of the marine food web, providing an essential

ecological function for all marine life. The question of how their diversity and

assemblage is distributed over the global ocean is important for the function-

ing of oceanic ecosystems and ocean biogeochemical cycles [1,2]. While the

broad contrasts in phytoplankton diversity and assemblage between the tropi-

cal and polar oceans are being revealed [3–8], detailed observations have

suggested that the marine phytoplankton diversity landscape might be strongly

heterogeneous over short distances, i.e. 10–100 km [9–15]. However, little is

known about this small-scale variability of diversity, and its biological and

biogeochemical implications. This is further complicated by the fact that small-

scale observations are sparse and can only provide a glimpse of the complex,

time-evolving situation.

To understand biodiversity variability, it is necessary to consider the full dri-

vers of plankton biogeography. The biogeography of phytoplankton diversity

and assemblage is primarily controlled by adaptation of phytoplankton to their

environment, i.e. mainly temperature, nutrient availability, predation and vertical

stability [16–18]. However, the local balance between growth, losses and com-

petition driven by environmental conditions is not sufficient to fully explain this

biogeography. Unlike terrestrial ecosystems, the phytoplankton landscape is

dynamic: phytoplankton are constantly being dispersed by surface currents,

such that the distribution of individual phytoplankton types results from a balance

between net local growth, competition and dispersal [19]. Of particular relevance

here is the ‘ocean weather’ [20], i.e. the strong variability of ocean currents at the
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mesoscale (approx. 100 km) and submesoscale (approx. 10 km).

Importantly, the timescales associated with this mesoscale
turbulence are a few months for mesoscale eddies and a few

days for submesoscale fronts, and may resonate with phyto-

plankton biological and ecological timescales. In this work,

we hypothesize that mesoscale and submesoscale currents pro-

vide a dynamical landscape that shapes the distribution of

phytoplankton assemblage and affects phytoplankton diversity

on timescales of days to months.

Mesoscale and submesoscale patchiness in the total popula-

tion of marine phytoplankton (e.g. chlorophyll concentration)

is a prominent feature of satellite ocean colour images and

has received significant attention over the past decade (see

reviews by [21–23]). In contrast, only a few studies have exam-

ined how the composition of the phytoplankton population

varied over these small scales. This is important, because

some types are more efficient at exporting carbon than others

[24]. The few observational studies that have considered the

mesoscale landscape of phytoplankton communities have

found ambiguous results. For instance, low diatom abundance

was found in a long-lived mesoscale eddy in the Gulf of Alaska

[14], whereas high abundance was found in a mode-water

eddy near Bermuda [12] and in a Gulf Stream warm-core

ring [9]. Dominance of diatoms has also been reported over

fronts [10,11] and optical remote sensing observations have

revealed that phytoplankton assemblages with distinct optical

properties were segregated on either sides of meandering

submesoscale fronts [5,13]. In parallel to these sporadic observa-

tions, modelling studies using the multi-phytoplankton model

DARWIN [25] embedded into a hierarchy of regional and

global ocean configurations have examined the mean impact

of mesoscale turbulence on phytoplankton diversity [19,26].

These studies suggested that dispersal induced by mesoscale

turbulence enhances the ability of different phytoplankton

types to coexist and could thus explain the existence of regional

phytoplankton diversity hotspots.

To test our hypothesis, we used the DARWIN multi-

phytoplankton model embedded in a high-resolution regional

model representative of the North Atlantic, which allowed

us to perform statistical analysis over a large number of meso-

scale eddies and submesoscale fronts. For convenience, we

divided the model phytoplankton types into two functional

groups with differing effects on carbon fluxes, fast-growing

opportunists such as sinking diatoms and other large phyto-

plankton types, and gleaners able to survive on minimal

resources, such as phototrophic cyanobacteria and pico-

eukaryotes, locked in a tightly coupled microbial loop. We

examine the possibility that there is a prevalence of either

opportunists or gleaners in eddies or at fronts. In addition,

we characterize diversity according to the ability of different

types to coexist, regardless of the group to which they

belong. The question is whether eddies and/or fronts boost

diversity and why. The model results are then discussed in

terms of ecological and biogeochemical implications.
2. Method
We examine the small-scale distribution of numerous phyto-

plankton types in a numerical biophysical model that describes

seasonally varying environmental conditions representative of the

highly turbulent Northwest Atlantic ocean over the Gulf Stream

region. The biological model equations (DARWIN, [25]) describe

the evolution of a large set of phytoplankton types. The physical
model (GYRE, [27]) accounts for variations in environmental con-

ditions from the scale of oceanic basin to the submesoscale and

for seasonality.

2.1. Model set-up
2.1.1. Biological model
The DARWIN model resolves 100 phytoplankton types, two

grazer size classes and the cycling of nitrogen, phosphorus and

silica through inorganic, living and dissolved and particulate

organic forms. We use the DARWIN model version of [26]

which is similar to that used in [3] (see reference [28], for details,

equations and parameter values).

The phytoplankton types are divided into two broad groups.

One group are small and have high nutrient affinity [29] and as

such are more successful in stable low nutrient regimes (see dis-

cussion in reference [28]). We parametrize these types to have

low growth rates typical of phototrophic cyanobacteria (e.g.

Prochlorococcus and Synecococcus) and other picophytoplankton

[30]. We refer to this group as ‘gleaners’. The second group is

assumed to have high growth rates typical of diatoms, but to be

bigger and thus have lower nutrient affinity and sinks gravitation-

ally. This group is more successful in more seasonal regimes with

higher nutrient supply. This group we will refer to as ‘opportu-

nists’. Within these two groups, different light, temperature and

resource requirements make each type unique and potentially

better adapted to a specific environment. The parameters that

define each type are randomly assigned within a range of plausible

values. The two grazer classes (large and small) preferentially

graze on the two phytoplankton groups based on size (i.e. large

zooplankton preferentially feeds on opportunists). There is an

additional linear loss term for the plankton to represent exudation

and cell death.

2.1.2. Physical model
The ocean circulation and thermodynamics are assessed by sol-

ving the primitive equations with the ocean circulation model

code nucleus for European modelling of the ocean (NEMO;

[31]). The GYRE model domain features a rectangle of dimen-

sions 2000 � 3000 km, of 4 km depth, rotated by 458 on the

b-plane (figure 1a), with closed boundaries and forced at the

surface with seasonal buoyancy fluxes and wind. The horizontal

grid resolution is 1/548, which permits the inclusion

of mesoscale and submesoscale features of the flow with an

effective resolution of 1/98 [32]. There are 30 vertical levels.

2.1.3. Off-line model integration
Five years of high-resolution velocities, temperature and vertical

mixing saved from the physical model were used to drive the

DARWIN model in off-line mode within the Massachusetts

Institute of Technology general circulation model (MITgcm) frame-

work [33] at 1/98 horizontal resolution and integrated forward for

20 years, by repeating the 5 years of forcings provided by the phys-

ical model four times. We started from identical distributions of

biomass for all plankton types, and from nutrient fields derived

from [34]. Model outputs were saved every 2 days (48 h averages).

The concentrations of phytoplankton and the diversity indexes

shown below were averaged over the top 100 m. Our analysis

is based on the past 5 years. This provides us five different

realizations of seasonally evolving fronts and eddies.

2.2. Measures of diversity
Importantly, in the DARWIN model, the types are not mutually

exclusive, but many can coexist at the same location, in different pro-

portions [3,19,26,35]. We use two measures of diversity, the richness

(R), defined as the number of phytoplankton types Pj that exceed a

relative threshold biomass concentration of Pj . 1025 max(Pj), and
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Figure 1. Large-scale environment in the model (left panels) and observed in the North Atlantic (right panels). (a,b) Annual mean sea surface temperature (SST).
(c,d ) Annual nitrate concentration averaged over the top 300 m (in mmol N m – 3). (e,f ) Annual mean abundance of total phytoplankton at the surface (in mg Chl
m – 3). The grey shading overlaid on the model plots mark the surface extension of the model’s western boundary current (surface velocity larger than 0.5 m s – 1, i.e.
the models’ Gulf Stream). The mean Gulf Stream path is reported on the data plots with a dashed grey line. Temperature and nitrate data come from the Global
Ocean Data Analysis Project (GLODAP). Phytoplankton data (chlorophyll) come from SeaWiFs satellite climatology. The black rectangle reported on the data plot is for
illustrative purposes only and is not to scale.
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the Shannon index (H ) which, in addition, accounts for the relative

proportion of each type. H is larger when many types coexist in even

proportions [36]: H ¼ 2
P

jpj ln( pj), with pj the biomass of type Pj

divided by the total biomass. H has its maximum value of ln(n),

with n the number of types, when all types are represented by

equal amounts.

2.3. General features of the model solution
The model solution consists of a seasonally varying, semi-realistic

Northwest Atlantic with a baroclinically unstable jet (the model’s
Gulf Stream) separating a warm and nutrient-depleted subtropical

region south of the jet from a colder, nutrient-replete subpolar gyre

region north of it (figure 1a,c). These large-scale features represent

the mean environmental conditions observed in the North Atlantic

(figure 1b,d). In response to these environmental conditions, the

model annual mean chlorophyll displays a marked latitudinal

gradient with large values in the subpolar region and much

lower values in the subtropical region, in agreement with satellite

observations in the North Atlantic (figure 1e,f ).

The instability of the model’s Gulf Stream leads to a

rapidly evolving mesoscale turbulence characterized by a large
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number of interacting mesoscale eddies and submesoscale ther-

mal fronts (figure 2, see also animation provided as electronic

supplementary material).

2.4. Identification of eddies and fronts
We performed statistical analysis of the distribution of gleaners,

opportunists, richness and Shannon index in eddies and fronts.

We identified fronts on the basis of the strength of the local sea

surface temperature (SST) gradient. We used a threshold value

of 0.58C per grid cell size (i.e. roughly 0.58 over 10 km; dark

green areas in figure 2a), which selected approximately 5% of

the total number of grid cells. We also tested a smaller value

(0.258C per grid cell, light green in figure 2a), accounting for

approximately 20% of the total number of grid cells.

The timescales associated with fronts were assessed by com-

puting the finite size Lyaponov exponents (FSLE; figure 2b) from

the time-varying model velocity field (see also [37], §2.1 for

details on FSLE). FSLE measure the rate of divergence of particles

transported by the flow. The correspondence between the mean-

dering temperature patterns and the FSLE (figure 2b) indicated

that the temperature fronts were created by horizontal stirring,

and corresponded to dynamical fronts enclosing water masses

of similar history [38]. The median timescales of the temperature

fronts was 15+16 days for fronts with SST gradients larger than

0.58C per grid cell, 24+ 17 days for gradients between 0.25 and

0.58C per grid cell, and 33+17 days for gradients between 0.1

and 0.258C per grid cell. This timescale corresponds to the

times it takes for nearby particles (1/188 appart) to diverge by

18 backward in time.

Mesoscale eddies were identified as the features that retained

the same water mass in their core for more than 60 days (dark red

areas in figure 2a), representing roughly 1% of the total number

of grid cells. This criterion filters out non-retentive and short-

lived eddies and retains only the retentive cores. We also con-

ducted a sensitivity analysis with a less selective criteria of 30

days (light green in figure 2a), representing 3% of the grid cells.

Retention time was computed by advecting particles inside

each eddy backward in time and marking the time at which a

particle trajectory crosses the boundary of an eddy [37]. This

boundary was defined as the region where strain and vorticity

have the same intensity (i.e. where the Okubo–Weiss parameter

is equal to zero). In other words, a map of retention times indicates

for each point inside an eddy how long since a particle has entered

that eddy. Although strong eddies (either in terms of vorticity or

kinetic energy) may often display a trapping effect, looking at

Eulerian (instantaneous) properties is not a precise proxy of

retention. Retention in general depends on many features of an
eddy’s life cycle, such as its age, its drifting speed, and whether

the eddy is intensifying or decaying. By explicitly looking at

particle trajectories, all these time-dependent features are explicitly

accounted for.
3. Results
3.1. Small-scale landscape of phytoplankton types
After an initial adjustment of 15 years, 20 out of the initial 100

types survived, whereas the others fell below the threshold of

numerical noise and were assumed to have become extinct.

On an annual mean, our model’s subtropical gyre is dominated

by the gleaners locked in tight coupling with the small grazer

class, whereas the subpolar region is dominated by opportu-

nists whose blooms lead to temporal increases in the larger

grazer class (figure 3a). Within each of these two broad

groups, the habitat of different types occupy distinct domains,

characterized by specific environmental conditions (i.e. temp-

erature and nitrate, figure 1a,c). Nutrient gradients explain

the separation of the two groups between the two gyres, but

temperature separates the habitats of different types within

the groups (shading within the green and pink in figure 3).

There is a strong bloom of opportunists in the subpolar gyre

in spring, whereas gleaners show more even concentrations

and dominate the phytoplankton biomass except during the

bloom (see a movie of figure 4 provided as electronic sup-

plementary material). These general features are consistent

with observations [39,40].

A model’s snapshot in spring highlights the complexity of

habitats of the different temporally dominant phytoplankton

types in the mesoscale flow (figure 4): the landscape of the

different phytoplankton types at small spatial scale is orga-

nized in adjacent niches (figure 3b) which are delimited by

the small-scale temperature fronts and FSLE (figure 2b).

Hence, the model phytoplankton landscape is structured in

niches which are dynamic in nature and shaped by the turbu-

lent nature of the fluid at these scales (figure 3b). This model

landscape is reminiscent of the landscape described by

d’Ovidio et al. [13] on the basis of satellite observations

of dominant phytoplankton types combined with estimates

of dynamical fronts based on satellite altimetry. At first sight,

the instantaneous phytoplankton landscape thus reflects the
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stirring by the mesoscale flow of large-scale niches spanning a

few degrees in latitude and related to temperature (figure 3).

Importantly, although the signature of eddies and fronts is

clearly visible on all snapshots in figure 4, there is no obvious

segregation at the scale of eddies or at the scale of fronts, i.e.

no obvious prevalence of either opportunists or gleaners in

eddies or at fronts. All types display maxima in specific
fronts. However, there is no clear distinction within eddies.

For instance, Opp17 dominates in eddies E1 and E2, whereas

Glea1 and 15 dominate in the nearby eddy E3. In this particular

example, E3 forms an enclave of Glea1 and 15 within the niche

occupied by Opp17; this enclave was created by the formation

and displacement of E1 across the front formed by the jet.

Waters from the niche of Glea1 and 15 are brought into the
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niche of Opp17, on a timescale short enough to maintain

the dominance of Glea1 and 15 (see reference [41], for more

details on this transport mechanism).
3.2. Statistical distribution of phytoplankton types
The synoptic distribution of gleaners and opportunists shows

that both groups can be either absent or present in specific

eddies or fronts (figure 4). Now, we examine whether there is

a differentiation in the distributions of gleaners and opportu-

nists on a statistical level, i.e. when their biomass is averaged

over all fronts and all eddies, regardless of geographical

location and time (figure 5).

The density distribution of gleaners is very peaked and

reveals very little variability between eddy and frontal fea-

tures (figure 5a). In contrast, the density distribution of

opportunists is skewed towards the largest values at fronts

(green, figure 5b), and towards the lowest values inside

eddies (red, figure 5b). This indicates that the odds to encoun-

ter large abundances of opportunists are largest at fronts

while it is more common to find low abundances in the

core of eddies. These statistics are not significantly sensitive

to the criteria used to select front and eddies (not shown;

see Method).

These results exhibit seasonality (figure 6): the larger abun-

dance of opportunists at fronts is only valid in oligotrophic

conditions. Such conditions prevail during summer in the
subpolar gyre (figure 6a) and all year long in the subtropical

gyre (figure 6b). The situation is different during the bloom

in the subpolar gyre (figure 6a, days 30–90) during which

the biomass of opportunists is strongly decreased at fronts

compared with background conditions. The larger presence

of opportunists at fronts during oligotrophic periods is consist-

ent with the enhanced supply of nutrients from below driven

by submesoscale vertical velocities associated with frontogen-

esis [42]. Inversely during the bloom, these vertical velocities

subduct biomass [22].

To sum up, there is no clear segregation in the presence of

opportunists and gleaners at fronts or inside eddies in our

results. However, we found that, with the exception of the

bloom period, the proportion of opportunists to the total

biomass is larger at fronts. We also find that gleaners are

more evenly distributed, with less differentiation between

fronts, eddies and background conditions than opportunists.

These results are consistent with the fact that observations

within eddies sometimes reveal the prevalence of gleaners

and at other times the prevalence of opportunists [9,12,14].

The results are also consistent with the general observations

that the concentration of opportunists at fronts is enhanced

compared with surrounding areas [10,11].
3.3. Small-scale variability of diversity
Finally, we examine how diversity is shaped by the mesoscale

flow. An individual map of richness reveals a strong latitudinal

gradient, with significantly larger richness in the subtropical

gyre than in the subpolar gyre, and also a marked richness

hot spot between the two gyres (figure 7a). The decline of

diversity with increasing latitude and the presence of diver-

sity hotspots over boundary currents are patterns that had

previously been identified with a global coarse-resolution

configuration of the DARWIN model [3]. The Shannon map

is also strongly heterogeneous, but does not show such a clear

latitudinal gradient, revealing that the relative richness of the

subtropics is associated with a large degree of unevenness

(figure 7b).

Importantly, both the Shannon (H ) and richness (R)

maps suggest a range of responses, especially within eddies

(figure 7a). Some eddies and fronts are locations of local

minima of H and R, others of local maxima. The statistical

analysis reveals that the distribution of both H and R are

clearly skewed towards larger values at fronts, and towards

lower values inside eddies (figure 7c,d ). Diversity is not

always larger at fronts and lower within eddies but statisti-

cally over a large number of each feature, diversity is larger

at fronts and lower within eddies. The fact that this result

holds for both R and H shows that the extra types are not

necessarily in small number.

One question is the timescale over which these changes in

diversity occur. Figure 8a,c shows that in the core of eddies,

diversity decreases as the retention timescale of the eddy

increases (in the range 0–3 months explored in this study),

for both R and H. Inversely, diversity at fronts increases for

stronger SST gradients (figure 8b,d), i.e. for faster separation

timescales (in the range 1–60 days). These strong relationships

highlight the resonance between the physical and biological

timescales: the larger diversity at fronts is consistent with the

mixing of phytoplankton communities on either side of these

fronts that occurs on timescale faster than competitive exclu-

sion. In contrast, the lower diversity in the core of eddies can
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be explained by the trapping of initially diverse communities

over long enough to allow the decline of this diversity through

competitive exclusion.
4. Discussion
4.1. What shapes the biogeography of phytoplankton

assemblage?
When applied to ocean microbes, the Baas Becking hypo-

thesis—that ‘everything is everywhere, but, the environment

selects’—posits that phytoplankton communities are efficiently

dispersed by the moving ocean and their distribution is entirely

determined by environmental conditions. However, microbial
studies have shown that locations closely connected by advec-

tion over large distances (more than 1000 km) have more

similar phytoplankton assemblages than those that are not

[43]. Similar findings were established at smaller spatial scales

(10–100 km), on the basis of optical satellite observations of

phytoplankton types combined with advection estimates

based on mesoscale currents from satellite altimetry [13].

In our model and at large spatial scales, the niches of

dominant types are largely determined by the environmental

conditions in nitrate and temperature (figure 3a), supporting

the Baas Becking hypothesis. However, at smaller scale,

mesoscale advection stirs the phytoplankton niches, as seen

by their meandering shape that coincide with the physical

features (figure 3b). These features are very dynamic. The

mixing timescales associated with fronts (days) and the
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retention timescale associated with eddies (months) are such

that they interact with the phytoplankton biological and eco-

logical timescales. This has two main consequences: the

enhancement of the proportion of opportunists at fronts,

owing to the larger supplies of nitrate and the decrease in abun-

dance of less competitive types in the core of eddies through

competitive exclusion. Our model results thus suggest that

the small-scale phytoplankton assemblage is determined by

three factors: (i) the large-scale environmental conditions,

which set the broad phytoplankton biogeography; (ii) horizon-

tal stirring, which dynamically distorts the large-scale niches;

and (iii) biological and ecological responses, on the dynamical

timescales of fronts and eddies.

4.2. How does mesoscale turbulence affect
phytoplankton diversity?

The competitive exclusion principle posits that only a few types

(equal to the number of limiting resources) should survive [44].

The high phytoplankton diversity observed in reality appears

contradictory to the competitive exclusion principle (the ‘para-

dox of the plankton’, [45]). Two previous model studies have

suggested that mesoscale turbulence could explain this

paradox; using only two phytoplankton types (one less com-

petitive than the other), Bracco et al. [46] suggested that eddies

provided a shelter to the weakest type in a highly turbulent

flow. Perruche et al. [47] also used a two types system (a gleaner

and an opportunist) to suggest that there would be mutual

exclusion in a quiescent ocean but that both could survive in

an eddying flow.

The model used here is more complex than in these two

previous studies. Our model allows for diversity within each

of these two groups. Moreover, in our model, different types

have the ability to coexist even in a quiescent ocean, because

different combinations of physiological parameters can lead to

similar fitness [3]. An additional important difference is that

we account for the variability in environmental conditions

over basinwide distances and over the seasonal cycle. With

these differences in mind, our conclusions on how mesoscale

turbulence affects phytoplankton diversity are more complex

than those of [46] and [47].

In agreement with [46], we find that eddies act as shelters.

These shelters enable the transport of type from the region

where it is best adapted to a region where it is less adapted

over spatial scales of the order of a few hundred kilometres

and timescales of a few months. In that sense, eddies tend

to increase diversity at the scale of the region in which they

pass through. However, in contrast to [46], our experiments

reveal that within eddy cores, diversity is generally less

than background conditions, because another important

impact of this sheltering effect is to facilitate competitive

exclusion. Moreover, in agreement with [47], we find that

mesoscale turbulence enhances local coexistence over subme-

soscale fronts. This increased diversity at fronts can be

attributed to two factors: first, the fact that types best adapted

to different environmental conditions on either side of fronts

are being constantly brought in contact with one another over

those fronts, and second, the larger supply of nutrients which

allows new types (essentially opportunist types) to grow.

However, our results also suggest that the larger diversity

at the local scale evidenced by the studies of [46] and [47] is

not necessarily associated with an overall increase of diver-

sity at basin scale, and thus might not be sufficient to
explain the paradox of plankton. Indeed, in our experiments,

mesoscale turbulence mainly acts to redistribute different

plankton types that populate different parts of the basin

where different large-scale conditions prevail but does not

increase global diversity. This is further highlighted by com-

paring the simulation presented here with another simulation

(presented in reference [26]) where mesoscale turbulence was

suppressed, but the large-scale environmental conditions

were kept identical. The comparison of the number of types

that self-assembled in these two simulations revealed that,

with the inclusion of eddies and fronts, the total global

number of types present in the model domain remained

more or less constant ([26], their fig. 4). We conclude that

the total global number of types is set by variations in

environmental conditions over basin-wide distances, and

that mesoscale turbulence mostly acts to bring into contact

populations of adjacent water masses at submesoscale

fronts, creating local diversity hot spots and to allow more

efficient competitive exclusion in the core of eddies. Our

results thus confirm the previous finding that fronts and

eddies can increase diversity at the local scale but do not

allow us to conclude that mesoscale turbulence can increase

diversity globally and thus explain the paradox of plankton.
5. Conclusion
We have used a multi-phytoplankton model embedded into a

turbulent flow to show that phytoplankton diversity and com-

position was shaped by the mesoscale flow in environmental

conditions reminiscent of the subtropical and subpolar North

Atlantic. Our model results suggest that large-scale environ-

mental conditions exert a strong control on the distribution of

types, with mesoscale turbulence acting to stir large-scale

niches. They suggest that the phytoplankton diversity land-

scape varies over temporal and spatial scales that are one

order of magnitude smaller than those of the basin-scale

environmental conditions. Given that the mesoscale and

submesoscale features are rapidly evolving, a practical conse-

quence, when thinking of observations at a fixed station, is

that temporal changes in phytoplankton assemblages can

either reflect seasonal variations or small-scale horizontal

advection. Moreover, this finding explains why any combi-

nation of opportunists and gleaners, any level of diversity,

can occur in eddies and fronts. Nevertheless, our statistical

analysis suggests a tendency for an enhanced proportion of

opportunists and larger diversity at fronts, and for lower diver-

sity in the core of retentive eddies. The relatively modest

magnitude of this tendency suggests statistically weak bio-

geochemical feedback of the small-scale heterogeneity in

phytoplankton types, though potentially larger in individual

features or over longer timescales. Because mixing at fronts

occurs on timescale faster than competitive exclusion while

retention within eddies can exceed this timescale, an enhance-

ment in diversity is suggested to occur over fronts, and a

diminution of diversity within eddies. Importantly, for eco-

logical matters, the total number of types, or total diversity

of phytoplankton, is not affected, but the very dynamic

and small-scale nature of diversity distribution makes it

particularly challenging to estimate from field studies.

These tendencies could only be discriminated on a statisti-

cal basis, which suggests that in situ observations in individual

features cannot easily be extrapolated. An extremely large
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number of observations would be necessary, in order to derive

statistics similar to those in this model. Remotely sensed [48,49]

as well as in situ optical observations [50] offer an appealing

framework for this task. The prominent role of stirring of

large-scale niches on planktonic diversity further supports

the possibility of estimating hotspots of diversity from optical

niche heterogeneity, as proposed by [5]. The promising

increase in resolution of future altimetry missions (Surface

Water and Ocean Topography, https://swot.jpl.nasa.gov/)

should enable us to relate these distributions to those of

fronts and eddies.

An effect that was not accounted for in this study is how

mesoscale turbulence interferes in the interactions between

phytoplankton and their grazers. This effect is potentially

important as the timescales of phytoplankton loss
processes are close to those of mesoscale turbulence. Moreover,

observations suggest that mesoscale turbulence might also

shape the distribution of zooplankton types [51]. Addressing

this question requires a model with more complexity in the

description of grazers [52,53] and will be the subject of a

subsequent study.
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21. Lévy M. 2008 The modulation of biological production
by oceanic mesoscale turbulence. In Transport and
mixing in geophysical flows: ten years after. Lect.
Notes Phys vol. 744 (eds JB Weiss, A Provenzale),
pp. 219 – 261. Berlin, Germany: Springer.
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